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Microalgae	 are	widely	 viewed	 as	 a	 promising	 and	 sustainable	 source	 of	 renewable	
chemicals	 and	 biofuels.	 Botryococcus braunii	 synthesizes	 and	 secretes	 significant	
amounts	of	 long-	chain	 (C30-	C40)	 hydrocarbons	 that	 can	be	 subsequently	 converted	
into	gasoline,	diesel,	and	aviation	fuel.	B. braunii	cultures	are	not	axenic	and	the	effects	
of	co-	cultured	microorganisms	on	B. braunii	growth	and	hydrocarbon	yield	are	impor-
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1  | INTRODUCTION
Botryococcus braunii	 (Trebouxiophyceae,	Chlorophyta)	 is	a	green,	co-
lonial	 microalga	 found	 in	 fresh	 and	 brackish	 water	 habitats	 across	
the	 world	 (Metzger,	 Berkaloff,	 Casadevall,	 &	 Coute,	 1985;	 Wolf,	
Nonomura,	 &	 Bassham,	 2004).	 Botryococcus braunii	 characteristi-










The	 majority	 of	 B. braunii	 cultures	 are	 not	 axenic	 (Chirac,	
Casadevall,	Largeau,	&	Metzger,	1985;	Dayananda,	Sarada,	Usharani,	
Shamala,	&	Ravishankar,	2007;	Metzger	&	Largeau,	2005;	Wolf	et	al.,	
2004),	 but	 comprise	 a	 single	 algal	 strain	 and	various	 associated	mi-




Lawrence,	Raux-	Deery,	Warren,	&	Smith,	 2005)	 and	organic	 chelat-
ing	agents	(Amin	et	al.,	2009),	by	releasing	easily	assimilated	nitrogen	
derivatives	 (Paerl,	1977),	by	providing	 increased	CO2,	 by	generating	
inorganic	nutrients,	or	by	influencing	the	pH	or	redox	potential	(Jones,	
1972;	Mouget,	Dakhama,	 Lavoie,	&	 de	 la	Noüe,	 2006).	 Conversely,	
communities	may	include	bacteria	that	restrict	algal	growth	by	com-
peting	 for	 nutrients,	 degrading	 algal	 exopolysaccharides,	 releasing	
anti-	algal	 substances,	 or	 affecting	 algal	 morphology,	 reproductive	
structures	and	metabolic	control	(Banerjee	et	al.,	2002).	The	addition	
of	 selected	microorganisms	 to	 algal	 cultures,	 therefore,	 has	 the	 po-
tential	to	increase	stability	and	productivity.	Nutrients	from	bacterial	











can	 have	 unpredictable	 and	 sometimes	 contrasting	 effects	 on	 algal	
biomass	and	hydrocarbon	yield,	which	are	essential	considerations	for	
sustainable	biofuel	production.
Metagenomic	 shotgun	 sequencing	 is	 a	 powerful	 alternative	 to	
rDNA	 sequencing	 for	 analyzing	 complex	 microbial	 communities	
(Cooper	&	Smith,	2015;	Tringe	&	Rubin,	2005;	von	Mering	et	al.,	2007).	




2  | RESULTS AND DISCUSSION
2.1 | Modification of Botryococcus braunii culture 
conditions
Understanding	 the	 structure	 of	 algal-	bacterial	 interactions	 using	
metagenomics	 offers	 the	 potential	 to	 ensure	 more	 robust	 cultures	
and	exploit,	for	industrial	or	nutritional	use,	a	wider	variety	of	species	
than	 currently	 deployed.	 To	 investigate	 the	 nature	 of	 the	B. braunii 
microbial	 consortium,	 and	 to	 discover	 which	 taxonomic	 units	 (spe-
cies/genera)	are	present	 in	close	association	with	the	alga,	we	used	
a	combination	of	metagenomic	analysis	and	identification	of	cultured	
isolates	 to	 investigate	 the	 bacterial	 species	 present	 in	 a	 laboratory	






B)	 or	 by	 addition	 of	 the	 antibiotic,	 ciprofloxacin	 (Condition	 C)	 to	 a	 
laboratory	culture	of	B. braunii	(Figure	1).
Ciprofloxacin	is	a	broad-	spectrum,	fluoroquinolone	antibiotic	that	
inhibits	 DNA	 gyrase	 or	 topoisomerase	 IV	 activity	 (Maxwell,	 1997)	
	resulting	 in	 incomplete	 DNA	 synthesis	 during	 DNA	 replication	 and	
	inhibition	of	bacterial	growth.	Ciprofloxacin	was	selected	from	a	range	
of	 10	 antibiotics	 covering	 a	 range	 of	 activities	 and	 targets	 	because	
it	 was	 the	 only	 antibiotic	 tested	 that	 had	 no	 significant	 effect	 on	
B.  braunii	growth	and	chlorophyll	content	(Figure	1).
Nile	red	reagent	is	widely	used	to	stain	and	quantify	hydrocarbons	
produced	 by	B. braunii	 ((Cooksey,	Guckert,	Williams,	 &	Callis,	 1987;	
Elsey,	 Jameson,	 Raleigh,	 &	 Cooney,	 2007;	 Lee,	Yoon,	 &	Oh,	 1998);	
Figure	2a).	 There	 was	 no	 significant	 difference	 in	 Nile	 red	 fluores-








2.2 | Metagenomics analysis of the algal consortia
The	 development	 of	 high	 throughput	metagenomic	 sequencing	 has	
enabled	 a	 profound	 examination	 of	 the	 complexity	 and	 dynamics	
of	microbial	 populations	 (Cooper	&	 Smith,	 2015;	 Jansson,	Neufeld,	
Moran,	 &	 Gilbert,	 2012;	 Tringe	 &	 Rubin,	 2005;	 von	 Mering	 et	al.,	
2007).	Metagenomic	analysis	can	deliver	information	on	the	identity	





ysis	 generated	 in	 excess	 of	 11	 million	 sequence	 reads	 per	 culture,	
namely	11,313,866	reads	for	condition	A,	15,510,317	reads	for	con-
dition	B	and	11,702,497	reads	for	condition	C.	The	metagenomic	con-
tent	 of	 the	 three	 conditions	were	 analyzed	using	 two	bioinformatic	
approaches:	 1.	 Similarity	 to	 nucleotide	 and	 protein	 databases	 using	
BLAST,	and	2.	Validation	by	sequence	read	alignment	to	genomes	of	
inferred	species	identified	using	BLAST	in	step	1.
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2.2.1 | Taxonomic assignment of metagenomic DNA 
using BLAST and MEGAN
To	assess	 the	range	of	bacteria	at	species	 level	 in	all	culture	condi-
tions,	BLAST	analysis	was	used	to	infer	bacterial	species	present	in	the	
three	 experimental	 culture	 conditions.	High	 quality	 sequence	 reads	
for	Conditions	A,	B	and	C	were	analyzed	by	BLASTN	using	the	NCBI	
nucleotide	database	 (NT),	 and	by	BLASTX	using	 the	non-	redundant	
protein	database	(NR).
Using	BLASTN	 to	 identify	 similar	 sequences	and	MEGAN	to	as-









Sequences	 of	 viral	 origin	 were	 found	 exclusively	 in	 the	 initial	
(Condition	A)	stock	culture	(Figure	3).	These	reads	were	almost	entirely	
(99.8%)	predicted	to	be	from	bacteriophages	of	the	order	Caudovirales.	
No	 sequences	 were	 binned	 to	 the	 Archaea.	 Sequences	 of	 eukary-
otic	 origin	 aligned	 to	 Opisthokonta	 (Fungi	 and	 Metazoa),	 red	 algal	
(Rhodophyta)	and	plant	(Viridiplantae)	lineages	(Figure	3).	Reads	binned	
to	Viridiplantae	(Figure	3)	may	be	attributed	to	conserved	B. braunii se-
quences	 and	were	predominantly	 assigned	 to	Vitis vinifera,	Zea mays 
and	Populus trichocarpa,	which	could	be	ascribed	to	the	abundance	of	
nucleotide	data	present	for	these	organisms	in	the	BLAST	databases.	
Bacterial	 assignments	 consisted	 of	 83%	 of	 the	 binned	metagenome	
(1,670,779	reads),	which	correlates	to	4.34%	of	the	entire	metagenome.
The	 combined	 stringency	 analysis	 of	 BLASTX	 and	 BLASTN	
MEGAN	assignment	has	 identified	species	 from	29	possible	genera.	
As	part	of	 this	 investigation	 the	high	 stringency	and	 standard	 strin-
gency	 analyses	 shared	 19	 identified	 species	 that	 may	 be	 present	
or	 similar	 to	 species	which	 are	present	 in	 the	B. braunii	 consortium:	
Achromobacter piechaudii,	Acidovorax citrulli,	Asticcacaulis excentricus,	
Bordetella petrii,	 Bradyrhizobium japonicum,	Citrobacter koseri,	Delftia 
acidovorans,	 Dyadobacter fermentans,	 Escherichia coli,	 Lactobacillus 
sakei,	 Lactococcus lactis,	 Leptothrix cholodnii,	Methylibium petroleiph-
ilum,	 Methylobacterium populi,	 Pseudomonas fluorescens,	 Salmonella 
enterica,	 Stenotrophomonas maltophilia,	 Variovorax paradoxus	 and	
Verminephrobacter eiseniae.
2.2.2 | Further bacterial species resolution
High	stringency	MEGAN	analysis	was	validated	by	alignments	to	pre-
viously	 sequenced	 genomes	 retrieved	 from	 NCBI	 of	 the	 identified	
species	 and	 the	 number	 and	 genome	 distribution	 of	mapped	 reads	
determined.	The	number	of	reads	from	the	entire	metagenome	that	
map	to	each	of	the	33	individual	bacterial	genomes	identified	by	high	
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stringency	analysis	were	determined	using	Bowtie	(Langmead,	2010;	
Langmead,	Trapnell,	Pop,	&	Salzberg,	2009).
To	 investigate	 the	 distribution	 and	 coverage	 of	 aligned	 reads	
across	the	genome,	MOSAIK	analysis	revealed	that	none	of	the	ref-







The	 evidence	 from	 the	 combined	 high	 stringency	 analysis	 per-
formed	 in	 this	 investigation	 indicated	 that	 the	 initial	 B. braunii	 cul-
ture	(Condition	A)	contained	a	population	of	species	from	the	orders	
Lactobacillales,	Enterobacteriales,	Pseudomonadales,	Flavobacteriales,	
Clostridiales	 and	one	 species	 in	 the	Burkholderiales	order,	Ralstonia 
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pickettii	 (Table	 S1,	 Figure	4).	 These	 microorganisms	 were	 removed	
by	washing	 (Condition	B)	and	failed	to	re-	colonize	the	culture	when	
ciprofloxacin	 was	 present	 (Condition	 C).	 Species	 from	 the	 orders	
Cytophagales,	 Caulobacterales,	 Rhizobiales,	 Xanthomonadales	 and	
Burkholderiales	 (except	R. pickettii)	were	not	 removed	 from	 the	 cul-
ture	by	washing	(Condition	B)	suggesting	that	these	species	are	very	
closely	 associated	with,	 or	 attached	 to	 the	 algal	 colonies	 (Table	 S1,	
Figure	4).




in	 alpha-	proteobacteria	 (mainly	 Rhizobiales),	 in	 particular,	 B. japoni-
cum	 and	Bradyrhizobium	 sp.	BTAi1.	Ciprofloxacin	 treatment	 reduced	
numbers	 of	 Bradyrhizobium	 spp.	 and	 Enterobacter	 sp.	 638,	 which	





are	associated	with	 roots	of	 legumes	and	Parasponia	 (Cannabaceae).	
Rhizobia	 are	 a	 paraphyletic	 group	 that	 are	 found	 in	 the	 alpha-	 and	
beta-	proteobacteria.	We	have	identified	members	of	Bradyrhizobium,	
Agrobacterium,	Shinella, Xanthobacter and Methylobacterium	in	the	cul-
tures	either	through	metagenome	or	16S	sequencing	of	bacterial	iso-
lates.	The	 rhizobial	 species	 identified	 through	metagenomics	appear	
to	be	fairly	robustly	associated	with	the	algal	colonies	and	are	not	re-
moved	by	 ciprofloxacin	 treatment.	Bradyrhizobium	 are	 slow	growing	
relative	to	other	rhizobia	and	this	has	been	reflected	in	the	growth	after	
washing	 and	 ciprofloxacin	 treatment.	 Co-	cultivation	 of	B.  japonicum 
has	been	shown	to	enhance	the	growth	of	Chlamydomonas reinhardtii 
(Wu,	Li,	Yu,	&	Wang,	2012).
2.2.3 | Validation of bioinformatics approaches by 
16S rDNA sequencing of bacterial isolates
Following	repeated	streak-	culture	on	solid	LB	or	MCV	media,	10	bac-
terial	strains	with	different	colony	characteristics	(morphology,	growth	
rate,	medium	 preference)	were	 isolated	 from	 the	B. braunii consor-
tium	grown	under	Condition	A.	The	genera	of	seven	distinct	bacte-














parisons	 to	 further	 clarify,	 to	 at	 least	 genus	 level,	 five	 bacteria	 iso-
lated	from	B. braunii	as	members	of	the	Achromobacter,	Agrobacterium,	
Microbacterium	and	Shinella	genera	(Jones	et	al.,	2016).













bacteria	present	 in	 the	algal	consortium	for	growth.	Further	work	 in	
this	area	is	required	to	determine	which	species	in	the	consortium	are	
beneficial	 and	which	are	detrimental	 to	B.  braunii. Rhizobium species 
have	been	implicated	as	a	probiotic	in	cultures	of	B. braunii	(Rivas	et	al.,	
2010).	 In	an	attempt	 to	understand	how	some	of	 these	 interactions	
affect	growth	and	hydrocarbon	production,	Chirac	et	al.	(1985)	inves-
tigated	 single	 species	 of	 bacteria	 combined	with	 axenic	 cultures	 of	
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TABLE  1  Identification	of	culturable	bacteria	in	the	B. braunii	consortia
Species Clone ID Most similar strain e- value/identity Accession Match in metagenome




GCS4 BNP48 0/99% NR_042263.1 NA
Agrobacterium tumefaciensa SUL3 IAM	12048 0/99% NR_041396.1 Agrobacterium 
tumefaciens/vitis	(SS1000)
Shinella granulia GWS1 
SUS2
Ch06 0/99% NR_041239.1 NA
Variovorax paradoxusa SUL4 S110 0/99% NR_074654.1 Variovorax paradoxus (HS)
Asticcacaulis excentricusb GCS3 CB	48 0/99% NR_074137.1 Asticcacaulis excentricus (HS)
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Finally,	 to	 ascertain	 whether	 any	 of	 the	 isolated	 bacteria	 were	
resistant	 to	ciprofloxacin,	 isolates	were	streaked	on	 to	LB-	agar	con-
taining	 10	μg ml−1	 ciprofloxacin.	 Achromobacter,	 Flavobacterium	 and	
Variovorax	 were	 resistant	 to	 the	 antibiotic,	 whereas	 Asticcacaulis,	
Agrobacterium,	Microbacterium	and	Shinella were sensitive.







gentamycin	and	chloramphenicol	 reduce	growth	 rate	 relative	 to	 the	
untreated	culture	without	killing	the	algae.
The	 culturable	 bacteria	 species	 likely	 to	 be	 from	 the	 genera	
Variovorax,	 Achromobacter	 and	 Flavobacterium	 were	 resistant	 to	 ci-




on	 LB	 plates,	 but	 growth	was	 evident	 in	 the	 consortia	 to	 a	 higher	
proportion	than	was	present	 in	the	 initial	culture.	This	suggests	that	






extracellular	matrix	and	 the	oil	 affords	a	barrier	 to	 the	ciprofloxacin	
(Figure	5).	Asticcacaulis	sp.	have	been	recorded	in	consortia	with	an-











that	microorganisms	 adhere	 to	 the	 surface	 of	 the	 algae	 directly	 or	
bind	to	the	carbohydrate	sheath	produced	by	Chlorella providing the 
close	 proximity	 required	 for	 symbiotic	 association	 (Watanabe	 et	al.,	
2005).	Species	from	the	genus	Methylobacterium	have	been	previously	
identified	in	Chlorella vulgaris	and	C. sorokiniana	cultures	(Guo	&	Tong,	
2014;	 Watanabe	 et	al.,	 2008).	 Co-	cultivation	 of	 Methylobacterium 
radiotolerans with C. vulgaris	 revealed	 the	 bacteria	 inhibited	 algal	
growth;	this	is	in	contrast	to	an	isolated	Pseudomonas	species,	which	
promoted	 algal	 growth	 under	 photoautotrophic	 conditions	 (Guo	 &	
Tong,	 2014).	 Additionally,	 associations	 between	 C. sorokiniana	 and	
Microbacterium	 sp.	 significantly	 promoted	 growth	 of	 C. sorokiniana 




was	able	to	grow	 in	media	after	removal	of	 the	remaining	B. braunii 
consortia	 by	 filtration,	 indicating	 that	 some	 factor	 produced	by	 the	
consortium	is	required	for	maintenance	of	Microbacterium sp.
Other	bacteria	 identified	 in	 this	 study	have	been	previously	ob-
served	 in	 consortia	with	 other	 green	 algae.	Dyadobacter fermentans 
(Bacteroidetes)	was	present	in	all	conditions	in	this	study;	D. fermen-
tans	 has	 been	 identified	 in	 cultures	 of	 C. sorokiniana	 (Otsuka,	 Abe,	
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Fukui,	Nishiyama,	&	Senoo,	2008)	and	a	Dyadobacter	sp.	has	also	been	





As	 well	 as	 species	 closely	 associated	 with	 B. braunii	 from	 the	
Bacteroidetes	 (e.g.,	 D. fermentans,	 S. maltophila)	 and	 Alphaproteo-
bacteria	 (e.g.,	 A. excentricus,	 M. populi),	 several	 Betaproteobacteria	
(Burkholderiales)	 identified	in	this	study	have	been	observed	in	con-
sortia	 with	 other	 green	 algae	 including	 Variovorax	 sp.	 (C. vulgaris),	
Ralstonia	sp.	(C. vulgaris,	C. sorokiniana),	Acidovorax	sp.	(C. sorokiniana),	







vironment.	When	 numerous	 species	 are	 present,	 the	 complexity	 of	
interactions	is	multiplied	accordingly	and	the	balances	within	the	sys-








of	 Rhizobiales,	 comprising	 potentially	 symbiotic	Bradyrhizobium	 and	
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